Numerical simulation of flow and heat transfer for a 3 in. (0.075 m) diameter liquid encapsulant full float zone (LEFZ) growth of single-crystal GaAs was conducted using the finite-element method. Convective and conductive heat transfers, radiative heat transfer between diffuse surfaces and the Navier-Stokes equations for both melt and encapsulant as well as the interface position are all combined and solved simultaneously. The effect of the thickness of encapsulant, rotation rate of crystal and feed rod on the flow and heat transfer as well as on the growing and melting interface shape were investigated.
Introduction
Liquid encapsulation float zone technique is a highly promising method for the growth of volatile materials such as gallium arsenide. By using liquid encapsulate the evaporation of the compounds can be prevented and Marangoni convection in the melt of growing material placed in low-gravity environment can be suppressed [1] . It was noted that the quality of the grown crystal is related to the thermal circumstance which somehow depends on the furnace geometry and the operation conditions, such as the thickness of encapsulant, crystal and feed rod rotation rate (or crucible rotation rate for LEC method) and so on.
Some numerical simulations for liquid encapsulant Czochralski growth of GaAs have been performed to illustrate the characteristics of the momentum and heat transfer. A prediction of the thermal field and the location of the growing interface was obtained by a global numerical simulation based on a conductiondominated model [2, 3] . Thomas et al. extended the dynamic thermal-capillary model to simulate a lowpressure, liquid-encapsulant Czochralski system for the growth of GaAs [4] . The predicted crystal shape is in semiquantitative agreement with the experiment. The influence of the argon gas pressure on the heater power, convex curvature of the growing interface and the maximum thermal stress was studied by both laminar and turbulent models for the gas flow [5] . The effect of rotation rate of the crystal and crucible on the fluid flow, instability, heat transfer and interface shape was emphasized [6] [7] [8] [9] . Two immiscible horizontal liquid layers: B 2 O 3 (encapsulant) and GaAs(melt) were also chosen to study numerically the flow characteristics of thermocapillary convection [10] . Owing to the practical application of the LEFZ method for the growth of GaAs, Li et al. [11] investigated thermocapillary and buoyancy flow in co-axial liquid bridges with interface deformation. A GaAs single crystal of 20 mm diameter and 20 mm length has also been successfully grown under microgravity, high growth rate and dopant striations due to Marangoni convection were found [12] . From our knowledge, there is no research report for liquid encapsulant full float zone growth of gallium arsenide up till now. The characteristics of the momentum and heat transfer in such system differ from that in Czochralski system or in two layer liquid system. Some specific features may appear.
In the present paper, we extend our previous numerical investigation of LEC growth of GaAs to a liquid encapsulant full float zone growth including the growing and melting interface calculation. The effects of the thickness of encapsulant, crystal and feed rod rotation rates on the flow and temperature field as well as the growing and melting interface shape were discussed.
Model formulation

Physical model and basic assumptions
Schematic diagram adopted in the present analyses is shown in Fig. 1 . Gallium arsenide melt with 7.5 cm diameter and 7.5 cm height is encapsulated by boron oxide with thickness of b e . The crystal and feed rod rotate in the opposite direction with x s and x f , respectively. The heater and ambient temperature of each segment are given. The width of the heater is 1 cm, and the widths of those segments for specified ambient temperature T a1 , T a2 , T a3 , T a4 , T a5 , T a6 are 6, 8.25, 2.5, 2.5, 8.25 and 6 cm, respectively. To simplify the problem, the following assumptions were introduced: (1) The system is in a pseudo-steady state and is axisymmetric. (2) The flow is laminar and both the GaAs melt and the boron oxide encapsulant are incompressible. (3) The melt/encapsulant interface is non-deformable. (4) Thermophysical properties of the melt are assumed to be constant except for the temperature dependencies of surface tension and the dynamic viscosity l of boron oxide. (5) Crystal and the feed rod have the same thermophysical properties. (6) No subcooling exists at the growing interface and melting interfaces, i.e. the interface shapes coincide with the melting temperature isotherms. (7) Gravity is absent.
Mathematical model
Governing equations
Under the above assumptions, the governing equations for flow and temperature field are given as follows.
In the melt and encapsulant:
In the crystal:
In the feed rod:
In other solid materials:
where T , v, p, and s are the temperature, velocity vector, pressure and stress tensor, respectively. Symbol q stands for the density, k the thermal conductivity, c p the specific heat, V s the crystal pulling rate and V f the feed rod pulling rate, respectively. Subscripts i, s, f and j indicate GaAs melt (i ¼ l), B 2 O 3 encapsulant (i ¼ e), crystal, feed rod and other materials, respectively. Vector e z is a unit vector parallel to z-axis.
Boundary conditions for the temperature field
At the melt/encapsulant interface:
At the growing (melt/crystal) interface: At the melting (melt/feed rod) interface:
At the encapsulated crystal side wall:
At the encapsulated feed rod side wall:
At the encapsulated quartz sleeve surface:
At the exposed crystal side wall and top:
At other exposed surfaces:
In these equations, q rad;i is the net radiative heat flux per unit area on the surfaces and DH i (i ¼ s, f) is the latent heat of fusion, n the unit normal vector of the interface element and e the emissivity.
Boundary conditions for the flow field
At the growing and the encapsulant/crystal interface:
At the melting and encapsulant/feed interface:
At the encapsulant/quartz sleeve surface:
At the axis:
ð8p;qÞ where u, v, and w are the radial, axial and the azimuthal components of velocity, x s and x f are the angular rotation rates of the crystal and feed rod, respectively. Symbol c T denotes the temperature coefficient of interface tension, and t and e h are the unit tangential and azimuthal vectors of each interface element, respectively. Numerical procedure used here including the calculation of net radiative heat flux q rad;i and the determination of the growing and melting interface shape are identical to our previous paper [13, 14] . The related physical parameter and the treatment of the heat transfer in the semi-transparent boric oxide layer can be found in Ref. [14] . In the present calculation the total number of elements, nodal points and unknowns is
Results and discussion
In the calculation, the pulling rates were maintained at around 5 mm/h within ±1% for all cases by adjusting the heater and/or ambient temperature.
Effect of encapsulant thickness
In the absence of the crystal and feed rod rotation, the effect of the encapsulant thickness b e on the flow and heat transfer is shown in Fig. 2(a)-(c) . The flow in melt is characterized by two toroidal vortices, one is located in the upper half zone, whereas the other in the lower half zone. When b e ¼ 0:2 cm, the convection in the melt is very weak so that the heat transfer is conduction-dominated. The maximum temperature difference in the melt is quite large, DT ¼ 108 K, compared with DT ¼ 67 K and DT ¼ 46 K for the other two cases of b e ¼ 1:0 cm and b e ¼ 1:8 cm as shown in Table 1 . It can also be found from Fig. 3 that the temperature gradient along the growing interface is quite large. This large temperature gradient results in a large heat flux across the interface, i.e., Q s ¼ 192 W (see Table 1 ). As a consequence, a concave (concave to the crystal) growing interface shape formed. In this case, high heater temperature of T h ¼ 2427 K is needed. It is noticed that the value of Q s in the case of b e ¼ 1:8 cm is smaller than that in the case of b e ¼ 1:0 cm even though the heater temperature is slightly higher for b e ¼ 1:8 cm as depicted in Table 1 . This is because that the flow in the B 2 O 3 encapsulant is stronger and the area of the two sidewalls of the quartz sleeve is larger when b e ¼ 1:8 cm, more heat is rejected to the surrounding from the quartz sleeve, so the heat flow across the growing interface becomes less and a more convex (convex to melt) interface shape is observed. This is agree qualitatively with numerical results of Thomas [4] and Croll [12] . The melting interface exhibit similar feature as the growing interface, a concave (concave to the feed rod) melting interface will change into convex with increasing the encapsulant thickness, but the value of maximum deflection of the melting interface is not equal to that of growing interface (see Fig. 2(b) and (c) and also see Table 1 ). From the analysis above, it is clear that not only the melt convection itself, but also the flow of the B 2 O 3 encapsulant and the geometry configuration of the encapsulant have a significant impact on the heat transfer and the growing and melting interface shapes to a great extent.
Effect of crystal and feed rod rotation
Crystal and feed rod rotation has a considerable effect on the flow pattern and heat transfer as shown in Figs. Table 1 Heater temperature and ambient temperature distribution and some representative parameters of the simulation results under different operating conditions Q s : total heat flow across the growing interface. DT: maximum temperature difference in the melt. DT ¼ T max À T m , here T max stands for the maximum temperature in the melt. D maxs : maximum deflection of the growing interface. The symbol minus '')'' means that the interface is concave (to the crystal). D maxf : maximum deflection of the melting interface. The symbol minus '')'' means that the interface is concave (to the feed rod).
4(a)-(c) and 5(a) and (b). The forced convection cells driven by crystal and feed rod rotation become dominate
and occupy the main region of the melt. The flow pattern in the melt depends upon the crystal and feed rod rotation rate and their ratio. When the crystal and feed rod rotation rate is matchable, i.e. the absolute value of the ratio x s =x f is approximately equal to unity, four-cell type flow in the melt appears as shown in Fig. 4(b) , where two forced convection cells and two thermocapillary convection cells co-exist, which are confined to their respective half-zone. The thermocapillary convection cells are extruded to a narrow region in the vicinity of the melt/encapsulant interface. When the absolute value of the ratio x s =x f is apart from unity to some degree, the forced convection cells may penetrate the whole floatzone and merge one of the thermocapillary convection cell to form a combined bigger one see Figs. 4(a) and (c) and 5(a) and (b). The remaining thermocapillary convection cell will never disappear, although it is restricted to the very narrow region adjacent to the melt/encapsulant interface. 
By a detail comparison and analysis of the flow and temperature field for the three different crystal rotation rates given by Fig. 4(a) -(c) one can find that the growing interface shape depends on the flow pattern to a great extent. For the small crystal rotation rate of x s ¼ 1 rpm, the fluid heated by the melt/encapsulate interface is carried to the periphery above the growing interface by the combined cell, the center and medium region (for a half section the dimensionless radius r is approximately in the range of 0-0.3 and 0.3-0.7, respectively) almost not be influenced by the melt convection, therefore the temperature gradient in the edge is larger in order to take away more heat to the surrounding (see Fig. 6 ). This heat transport feature causes the growing interface more flat. On the contrary, for the higher crystal rotation rate (x s ¼ 5 rpm, see Fig. 4(c) ), the crystal rotation driving flow cell combined with the upper thermocapillary convection cell enhances the convective heat transfer in the medium region above the growing interface so that the temperature gradient in that region is higher than that in the center and edge region, as exhibited in Fig. 6 . In this situation the growing interface shape becomes more concave (to the crystal) [4] . The melting interface does not change so much with the increase of crystal rotation rate. On the other hand, from the maximum deflection of the interface given in Table 1 , the influence of feed rod rotation rate on the melting interface shape is significant, but on the growing interface is negligible. The data in Table 1 also show that the heater and ambient temperature needed to be adjusted (or optimized) for a specific growth condition (i.e. for a given pulling speed, furnace configuration and rotation rate of crystal and feed rod) as indicated in Ref. [15] .
Conclusions
Taking the growing and melting interface shape into account, the characteristics of flow and heat transfer in LEFZ growth of CaAs was studied numerically for the first time by using a full float zone simulation code. The results indicate that:
1. The heat transfer and the interface shape are associated with not only the melt convection, but also the flow of encapsulant and its geometry configuration. When increase the thickness of the encapsulant, the interface shape will become more convex. 2. Crystal and feed rod rotation rate has a remarkable effect on the flow pattern and heat transfer. Complex multi-cell flow pattern may appear in the melt when introducing the rotation, which gives a significant influence on the interface shape. When increasing the crystal rotation rate from 1 to 5 rpm, the growing interface shape will change from slight concave (almost flat) to notable concave, whereas the melting interface does not change so much. On the contrary the feed rod rotation rate have a remarkable impact on melting interface shape, but the growing interface remains almost a constant deflection even though the feed rot rotation rate change from 1 rpm to 5 rpm for a fixed crystal rotation rate of 3 rpm. 3. Different from the traditional LEC growth, the full float zone modeling and simulation involves not only the determination of growing interface but also the determination of melting interface. For a given thickness of encapsulant and crystal and feed rot rotation rate, the heater and ambient temperature needed to be adjusted to suit for the specified pull rate.
In principle, the melt/encapsulant interface is not flat and non-deformable even though under microgravity circumstance, the assumption of non-deformable should be released in the further simulation. 
